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Response	 Surface	 Models	 and	 Genetic	 Algorithm.	 Specific	 Energy	
Absorption	 ሺSEAሻ	 and	 Crash	 Force	 Efficiency	 ሺCFEሻ	 are	 used	 in	
crashworthiness	optimization	since	these	criteria	are	important	indicators	
for	evaluating	crashworthiness	performance.	Length	and	thickness	of	three	
concentric	 tubes	 as	 well	 as	 radius	 of	 one	 tube	 are	 adopted	 as	 design	
variables	which	 are	 effective	 parameters	 on	 SEA	 and	 CFE.	 To	 reduce	 the	
computational	 cost	 of	 the	 optimization	 procedure,	 simple	 and	
computationally	 cheap	 Response	 Surface	 Models	 are	 created	 to	 replace	
finite	element	analyses	in	further	calculations.	The	Non‐dominated	Sorting	




comparing	 to	 single	 tubes	 with	 identical	 masses.	 These	 designs	 can	 be	
adopted	for	use	in	practice.	
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Axial	 crushing	of	 thin	walled	circular	 tubes	made	of	mild	 steel	was	 introduced	by	Alexander	 ሺ1960ሻ	as	an	






































such	 as	 multi‐cell	 tubes	 ሺKurtaran	 et	 al.	 ሺ2002ሻሻ.	 For	 example,	 Hou	 et	 al.	 ሺ2008ሻ	 carried	 out	 multi‐objective	
optimization	of	cell	tubes	by	maximizing	Specific	Energy	Absorption	ሺSEAሻ	and	minimizing	Peak	Crush	Force	ሺPCFሻ	
values.	They	compared	the	result	of	1‐cell,	2‐cell,	3‐cell	and	4‐cell	tubes	with	pareto	curve.	




Superior	 energy	 absorption	 capability	 of	 multi‐cell	 tubes	 including	 nested	 multi‐tubular	 structures	 are	
expressed	 in	 the	 literature.	Usta	et	al.	 ሺ2015ሻ	and	Usta	and	Türkmen	ሺ2017ሻ	conducted	parametric	analyses	 to	






nested	 tubes	 gave	desirable	 force	deflection	 response	 compared	 to	 standard	 tube	 systems.	Nia	 and	Chahardoli	
ሺ2016bሻ	 optimized	 circular	 nested	 tube	 systems	 with	 different	 height	 and	 thickness	 subjected	 to	 quasi	 static	
crushing.	 In	 this	 study,	 multi	 objective	 optimization	 procedure	 is	 applied	 to	 optimize	 tri‐tubular	 nested	 and	
concentric	circular	tube	system	by	coupling	Genetic	Algorithm,	Response	Surface	method	and	Finite	Element	ሺFEሻ	
model.	Specific	energy	absorption	ሺSEAሻ	and	Crush	Force	Efficiency	ሺCFEሻ	criteria	are	used	in	representing	multi‐




























test	 facility	of	 the	Scientific	 and	Technological	Research	Council	of	Turkey	 ሺTUBITAKሻ.	1132	kg	drop	weight	 is	
released	from	a	height	that	provides	approximately	10	kJ.	From	comparison,	it	is	seen	that	FE	response	is	very	close	
to	 the	 experimental	 result	 and	 therefore	 it	 can	 be	 concluded	 that	 FE	 model	 can	 be	 used	 in	 producing	 crush	
responses	used	in	optimization.	
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objective	 constrained	 optimization	 problem.	 CFE	 and	 SEA	 criteria	 are	 used	 in	 expressing	 objective	 functions	
expressed	as	 f1	 and	 f2	 successively.	For	optimum	crashworthiness	design,	objective	 functions	are	desired	 to	be	
maximized.	
In	multi‐objective	optimization	procedure	adopted	in	this	study,	multi	objective	particle	swarm	optimization	
ሺMOPSOሻ	 method	 is	 used.	 Considering	 multi‐objective	 and	 constraint	 functions,	 optimization	 problem	 is	
formulated	as	below:	
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where	xi	are	variables	 that	 the	 function	depends	on.	c0,	ci	and	cij	are	tuning	parameters	and	n	 is	 the	number	of	
variables.	Then,	Design	of	Experiment	ሺDOEሻ	method	is	selected	according	to	the	order	of	polynomial	function	and	
the	number	of	design	variables.	Full	Factorial	DOE	is	a	good	choice	for	few	design	variables.	For	large	number	of	
design	variables,	 often	 a	 subset	 of	 Full	 Factorial	DOE	 is	 selected	using	 a	 suitable	 selection	 criterion	 such	 as	D‐
optimality	selection	criterion.	Then,	FE	analyses	corresponding	to	DOE	table	are	conducted	to	calculate	function	
values.	Finally,	polynomial	model	is	fitted	to	the	created	data	set	corresponding	to	DOE	table	using	least‐squares	

















  Lower	ሺmmሻ Upper	ሺmmሻ	
Parameter	1	 Length	of	the	innermost	tube,	L1 150 200	
Parameter	2	 Length	of	middle	tube,	L2 150 200	
Parameter	3	 Length	of	the	outmost	tube,	L3 150 200	
Parameter	4	 Thickness	of	the	innermost	tube,	t1 1 3	
Parameter	5	 Thickness	of	the	middle	tube,	t2 1 3	
Parameter	6	 Thickness	of	the	outmost	tube,	t3 1 3	

























1	 150	 175 150	 2 1 2 27.5 27.67	 157	 0.42
2	 200	 150 150	 3 3 1 23 23.26	 130	 0.60
3	 200	 150 150	 3 1 3 32 18.54	 144	 0.50
4	 200	 150 200	 1 3 3 32 14.24	 188	 0.57
5	 150	 150 150	 3 1 3 23 20.91	 169	 0.69
6	 150	 150 200	 3 1 1 23 32.40	 142	 0.40
7	 150	 150 150	 1 1 3 32 23.54	 140	 0.61
8	 175	 150 150	 1 1 1 23 48.83	 123	 0.49
9	 200	 200 150	 3 3 3 32 12.76	 208	 0.66
10	 200	 150 200	 3 3 3 23 13.60	 196	 0.67
11	 150	 200 150	 1 3 3 32 14.94	 174	 0.64
12	 200	 200 200	 1 1 1 23 37.80	 333	 0.16
13	 200	 200 200	 1 3 3 23 14.45	 193	 0.68
14	 200	 150 150	 1 3 1 32 25.20	 127	 0.50
15	 150	 200 150	 3 1 3 32 18.93	 173	 0.45
16	 200	 175 150	 1 2 3 23 20.30	 157	 0.47
17	 200	 200 150	 3 1 1 23 30.09	 78	 0.79
18	 150	 150 200	 1 1 1 32 39.18	 430	 0.12
19	 150	 200 150	 1 2 1 23 33.79	 165	 0.34
20	 200	 200 150	 1 3 1 23 16.89	 185	 0.54
21	 200	 200 150	 1 1 3 27.5 22.25	 133	 0.48
22	 150	 200 175	 1 1 3 23 21.17	 124	 0.57
23	 200	 150 200	 3 1 1 32 27.05	 103	 0.54
24	 175	 150 200	 3 1 3 27.5 16.38	 165	 0.59
25	 150	 150 200	 1 2 3 23 17.79	 148	 0.59
26	 150	 200 150	 3 3 1 32 18.45	 134	 0.68
27	 150	 175 175	 3 3 3 27.5 13.98	 228	 0.70
28	 200	 175 200	 1 1 3 32 18.08	 126	 0.64
29	 175	 200 175	 1 2 2 32 20.04	 123	 0.55
30	 200	 200 200	 3 3 1 32 16.29	 154	 0.71
31	 175	 150 150	 2 3 3 32 15.66	 205	 0.56
32	 200	 200 200	 3 1 3 23 14.97	 168	 0.64
33	 150	 150 200	 3 3 2 32 15.87	 169	 0.54
34	 200	 200 150	 1 1 1 32 38.29	 235	 0.23
35	 200	 150 175	 2 1 2 23 25.14	 98	 0.62
36	 150	 200 200	 3 1 1 32 27.88	 130	 0.44
37	 175	 200 150	 3 3 3 23 14.86	 214	 0.53
38	 150	 150 175	 2 3 1 23 26.99	 118	 0.64
39	 200	 150 200	 1 2 1 27.5 30.63	 101	 0.56
40	 150	 150 150	 3 2 1 32 26.38	 121	 0.71
41	 150	 150 150	 1 3 2 23 23.97	 147	 0.68
42	 150	 200 200	 3 3 2 23 16.13	 156	 0.72
43	 150	 200 200	 1 3 1 32 20.02	 110	 0.72
44	 175	 175 200	 1 3 1 23 25.97	 106	 0.62
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Fitted	values	and	actual	values	ሺFE	resultsሻ	for	SEA	and	CFE	are	compared	in	Figures	5‐6.	From	Figures	5‐6	it	






















































































1	 150.00	 200.00	 200.00 1.00	 1.00 1.00 23.00 39.83 39.70	 0.09	 0.16
2	 151.25	 200.00	 198.24 1.00	 1.03 1.05 23.00 38.91 38.50	 0.12	 0.18
3	 150.00	 200.00	 200.00 1.00	 1.00 1.30 23.00 36.09 34.20	 0.13	 0.25
4	 150.00	 200.00	 199.55 1.00	 1.00 1.39 23.00 35.05 32.93	 0.14	 0.28
5	 150.00	 198.49	 200.00 1.14	 1.00 1.41 23.00 34.07 32.08	 0.16	 0.29
6	 150.72	 197.19	 200.00 1.00	 1.00 1.62 23.00 32.61 29.87	 0.18	 0.33
7	 150.32	 197.10	 199.53 1.30	 1.03 1.49 23.00 32.09 30.25	 0.19	 0.41
8	 150.00	 200.00	 200.00 1.26	 1.00 1.75 23.00 29.75 27.55	 0.20	 0.38
9	 150.00	 198.75	 198.45 1.39	 1.00 1.76 23.23 28.89 27.19	 0.23	 0.45
10	 152.11	 199.00	 198.68 1.41	 1.06 1.87 23.23 27.36 25.85	 0.27	 0.43
11	 150.00	 188.51	 200.00 1.26	 1.00 1.92 32.00 25.29 24.33	 0.29	 0.53
12	 150.00	 200.00	 199.50 1.38	 1.05 2.25 23.08 24.37 22.79	 0.30	 0.73
13	 150.00	 198.10	 200.00 1.61	 1.00 2.29 23.00 23.42 22.25	 0.31	 0.70
14	 150.91	 151.84	 200.00 2.21	 1.00 1.89 32.00 21.66 23.62	 0.32	 0.50
15	 150.00	 150.00	 200.00 2.25	 1.00 1.98 32.00 20.61 22.97	 0.33	 0.72
16	 150.00	 151.25	 199.83 2.56	 1.00 1.99 32.00 19.54 22.25	 0.35	 0.62
17	 152.56	 151.37	 199.85 2.31	 1.00 2.30 31.94 17.97 20.66	 0.37	 0.72
18	 150.19	 150.16	 200.00 2.38	 1.05 2.45 32.00 16.24 19.64	 0.39	 0.71
19	 151.08	 150.00	 199.46 2.03	 1.00 2.70 32.00 15.77 19.04	 0.42	 0.62
20	 200.00	 200.00	 150.00 1.37	 3.00 2.52 23.00 11.53 17.86	 0.46	 0.68
21	 200.00	 199.30	 150.00 1.62	 3.00 2.43 32.00 11.22 15.29	 0.49	 0.62
22	 200.00	 200.00	 153.97 1.86	 3.00 2.63 31.78 10.76 14.44	 0.54	 0.64
23	 200.00	 199.23	 158.92 1.95	 3.00 2.06 31.14 10.74 15.70	 0.59	 0.72
24	 200.00	 200.00	 162.26 1.85	 3.00 2.51 31.99 10.30 14.37	 0.60	 0.75







close.	 It	 indicates	 that	 quadratic	 polynomial	 function	 is	 accurate	 enough	 for	 concentric	 circular	 tri‐tubular	




























1	 37.99	 39.51 39.70 0.70 0.44	 0.16	
2	 36.70	 38.30 38.50 0.24 0.55	 0.18	
3	 32.38	 33.94 34.20 0.66 0.39	 0.25	
4	 31.03	 32.66 32.93 0.53 0.41	 0.28	
5	 30.19	 31.84 32.08 0.67 0.48	 0.29	
6	 27.94	 29.58 29.87 0.48 0.42	 0.33	
7	 28.35	 30.01 30.25 0.48 0.40	 0.41	
8	 25.67	 27.28 27.55 0.46 0.60	 0.38	
9	 25.27	 26.93 27.19 0.50 0.55	 0.45	
10	 23.68	 25.35 25.85 0.46 0.62	 0.43	
11	 22.80	 23.97 24.33 0.49 0.62	 0.53	
12	 20.80	 22.51 22.79 0.53 0.64	 0.73	
13	 20.26	 21.99 22.25 0.61 0.64	 0.70	
14	 22.09	 23.44 23.62 0.76 0.63	 0.50	
15	 21.42	 22.79 22.97 0.62 0.63	 0.72	
16	 20.75	 22.12 22.25 0.79 0.64	 0.62	
17	 19.07	 20.45 20.66 0.86 0.60	 0.72	
18	 18.02	 19.43 19.64 0.85 0.61	 0.71	
19	 17.36	 18.78 19.04 0.85 0.62	 0.62	
20	 15.98	 17.77 17.86 0.79 0.68	 0.68	
21	 13.73	 14.97 15.29 0.87 0.75	 0.62	
22	 12.85	 14.11 14.44 0.70 0.83	 0.64	
23	 14.18	 15.42 15.70 0.24 0.75	 0.72	
24	 12.83	 14.03 14.37 0.66 0.75	 0.75	
25	 13.44	 15.01 15.19 0.53 0.71	 0.75	
	
	
Crash	 tubes	 are	 used	 traditionally	 as	 single	 tube	 structures	 in	 automotive	 industry.	 Therefore,	 results	 of	
optimum	designs	of	nested	tubes	structures	are	compared	with	the	results	of	two	different	types	of	single	tube	
structures	 in	Table	5.	 In	Table	5,	 single	 tubes	corresponding	 to	a	design	number	have	 identical	mass	values.	 In	
Single	Tube	Type	1,	radius	and	length	values	correspond	to	average	values	in	those	of	nested	tubes	shown	in	Figure	
10.	In	Single	Tube	Type	2,	radius	and	length	values	correspond	to	maximum	values	in	those	of	nested	tubes.	
In	 comparison	 with	 the	 results,	 nested	 tubes	 give	 higher	 CFE	 values	 only	 for	 a	 few	 designs.	 The	 axial	















calculations	 in	 optimization	 procedure,	 FE	 Analyses	 were	 replaced	 with	 RS	 models	 in	 order	 to	 reduce	 the	









On	the	other	hand,	optimum	designs	gave	better	results	 than	 the	single	 tube	 types	 in	 terms	of	SEA	values.	
Therefore,	nested	tubes	could	provide	lower	weight	to	the	vehicles.	
Acknowledgment	
Support	 for	 this	 work	 has	 been	 provided	 by	 the	 Scientific	 and	 Technological	 Research	 Council	 of	 Turkey	
ሺTUBITAKሻ	under	Project	Number	113M395.	




Abramowicz,	 W.,	 Jones,	 N.	 ሺ1984aሻ.	 Dynamic	 axial	 crushing	 of	 circular	 tubes,	 International	 Journal	 of	 Impact	
Engineering,	2.3:	263‐281.	

















energy	 absorption	 characteristics	of	 thin‐walled	 structures	under	axial	 impact	 loading.	 International	 Journal	 of	
Crashworthiness,	15.4:	377‐390.	
Hallquist,	J.	O.	ሺ2007ሻ.	LS‐DYNA	keyword	user’s	manual,	Livermore	Software	Technology	Corporation,	970.	

















Nia,	 A.	 A.,	 &	 Chahardoli,	 S.	 ሺ2016bሻ.	 Optimizing	 the	 layout	 of	 nested	 three‐tube	 structures	 in	 quasi‐static	 axial	
collapse,	Thin‐Walled	Structures,	107:	169‐181.	








crash	 tubes	 subjected	 to	 axial	 impact:	 The	 effects	 of	 number	 of	 tubes,	 Recent	Advances	 in	 Space	Technologies	
ሺRASTሻ,	2015	7th	International	Conference	on.	IEEE,	39‐43.	
Usta,	F.,	&	Türkmen,	H.	S.	ሺ2017ሻ.	Crash	behavior	of	nested	tube	structures	with	various	cross	sections.	In	Recent	
Advances	in	Space	Technologies	ሺRASTሻ,	8th	International	Conference	on.	IEEE,	23‐27.	
Yin,	H.,	Wen,	G.,	Liu,	Z.,	Qing,	Q.	ሺ2014aሻ.	Crashworthiness	optimization	design	for	foam‐filled	multi‐cell	thin‐walled	
structures,	Thin‐Walled	Structures,	75:	8‐17.	
Yin,	H.,	Wen,	G.,	Wu,	X.,	Qing,	Q.,	Hou,	S.	ሺ2014bሻ.	Crashworthiness	design	of	functionally	graded	foam‐filled	multi‐
cell	thin‐walled	structures,	Thin‐Walled	Structures,	85:	142‐155.	
Zhang,	X.,	Cheng,	G.,	Zhang,	H.	ሺ2006ሻ.	Theoretical	prediction	and	numerical	simulation	of	multi‐cell	square	thin‐
walled	structures,	Thin‐Walled	Structures,	44.11:	1185‐1191.	
